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Abstract 
In this paper, I will discuss the basic theory behind the entangled and single-photon generation. 

The main methods that have been used throughout the history to obtain these photon states will 

be covered. Spontaneous parametric downconversion is identified as the major method of 

generating entangled photons. Other methods such as atomic cascades are also discussed. Earlier 

experiments that employed atoms and ions in the gas phase, organic molecules that were used to 

generate single photons will be discussed. Advantages of newer methods like quantum dots and 

color centers in crystals will also be pointed out.  



Introduction: 
 

Wave theory of light that was majorly developed by great scientists and mathematicians like 
Huygens and Fresnel, was considered a rock-solid theory to describe phenomenon related to light 
propagation, interference and diffraction. Development of the electromagnetic theory by J. C. 
Maxwell made it even more elegant. But the observations made by Hertz showing that the reason 
for the emission of photoelectrons from a metallic surface upon UV illumination couldn’t be 
described by the wave theory and the fact that the energy density of short wavelength light 
emitted from a blackbody didn’t agree with that predicted by the wave theory led scientists to 
suspect that their understanding of the electromagnetic waves is not complete. In 1905, inspired 
by Max Plank’s theory on energy quantization of the oscillation of atoms in a black body, 
Einstein explained the photoelectric effect by assuming that light is a particle, which he called 
photons. Thereafter the notion that light behaves like a wave and a particle was widely accepted. 
But the technology wasn’t matured enough for the generation of single photons. 

 Later experiments, especially the ones that utilized the famous Hanbury-Brown and Twiss 
(HBT) interferometer provided a metric to determine if the photon source emits single photons.  
Kimble et al. [1] were the first group to observe anticorrelation of photon counts from sodium 
atoms in 1977, which is now regarded as a key signature of single photons sources.  

Although Einstein [2] and Bohr [3] have discussed the entanglement in quantum mechanics in 
early 1920s, it couldn’t be tested experimentally until early 1970s. Clauser et al. [4] and Apect et 
al. [5] performed experiments involving two entangled photons. However, the intensity of the 
photons sources were not so great, and the decoherence of the photons also caused problems 
setting up the experiments. A nonlinear process called spontaneous parametric down-conversion 
or SPDC was first investigated as an entangled photon source by Mandel in the late 1980s [6]. 
This has enabled groundbreaking research in quantum information during last three decades.  

The structure of this paper is as follows. We first describe the HBT interferometer and basic 
theory behind intensity correlation function g(2). Then we focus on photon number distribution 
and SPDC process. Lastly we discuss solid-state single photon emitters and the applications of 
these technologies in quantum information science.  

 

 

 

 

 

 



Theoretical Background: 

Hanbury-Brown and Twiss (HBT) interferometer: 

Using a setup as shown in the figure 1, one can measure the intensity correlation between two 
positions in the beam path. He or she could change the delay arm length so that it would 
introduce a time delay  to the corresponding arm. The 50/50 beam splitter (BS) divides the 
incoming beam into two with equal intensities. Avalanche photo diodes (APDs) or similar 
devices are used to measure the number of photons incident on the detectors. The electric signal 
outputs from the APDs are then connected to a coincidence count detector. One can keep equal 
path lengths for the two arms and measure the coincidence rates at different delays by shifting 
the signal from one of the APDs electronically in the coincidence counter. If the count rate of 
one detector is I(t) and the count rate of the delayed detector is I(t+), then the second order 
correlation function g2() is defined as: 

𝑔(2)(𝜏) =
〈𝐼(𝑡)𝐼(𝑡 + 𝜏)〉

〈𝐼(𝑡)〉2
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Figure 1: Basic setup for HBT experiment 

 

 

For different types of sources, the value of the correlation function differs. For example a laser 
source would give 𝑔(2)(0) = 1, and a thermal source would give 𝑔(2)(0) = 2. A perfect single 
photon emitter that is antibunched (separated in time) would give 𝑔(2)(0) = 0. Figure 2 shows a 
plot of 𝑔(2)(𝜏) for these three types. Using the quantum mechanical notation, one can write 
photon states as ket vector. If |𝑛⟩ denotes the photon number states with n photons in it, then  

𝑔(2)(0) = 1 −
1

𝑛
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Figure 2: Inter-photon times for different types of emitters 

Photon number distribution 

Laser sources emits light that is in a coherent state. The state vector of a coherent state, |𝛼⟩, can 
be written as a linear combination of photon number states |𝑛⟩. When the average number of 
photons in a laser pulse is denoted as |𝛼|2, the coherent sate can be written as: 

|𝛼⟩ = 𝑒−|𝛼|2/2 ∑
𝛼2

√𝑛!

∞

𝑛=0

|𝑛⟩ 3 

Hence, the probability of having n photons in the pulse would be a Poissonian distribution given 
by: 

𝑃(𝑛) =
𝑒−|𝛼|2|𝛼|2𝑛

𝑛!
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This suggests that there is a non-zero probability that the pulse would have more than one 
photon, compromising any secure communication, as an eavesdropper could steal the 
information without the knowledge of the sender or the receiver. Therefore, single photon 
emitters would be ideal in this regard. Figure 3 shows the photon distribution of a laser source 
and a single photon emitter. 



 
 

Figure 3: Photon distributions of (a) a laser source, (b) a single photon source 

Spontaneous Parametric Downconversion (SPDC) 

There are certain nonlinear crystals, such as Beta Barium Borate (BBO), which are cut in 
specific angles, so that when a photon in a laser beam with wavelength p and wave vector kp is 
incident on the crystal, it would create a pair of photons (having wavelengths s and i, and wave 
vectors ks and ki) conserving the total energy and the total momentum (shown in fig. 4).   

That is, 

ℎ𝑐
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Figure 4: Cartoon illustrating the SPDC process [Wikipedia] 



The two daughter photons, commonly referred to as the signal and the idler photons, are said to 
be quantum mechanically entangled. In other words, the wave functions of the signal and idler 
cannot be written as a product of two states. If the crystal were what is known as a type I crystal, 
then the resulting two photons would have the same polarization. If it were type II, then the two 
photons would be orthogonally polarized.  

Macroscopic Single and Entangled Photon Sources: 
 

Attenuated Laser 

Commonly used pulsed lasers along with well-calibrated attenuators could be used to obtain 
approximate single photon number states. However, it can be shown [] that the probability of 
having multiple photons in a single pulse is approximately 〈𝑛〉/2 where 〈𝑛〉 denotes the mean 
number of photons. This leakage would lead to the possibility of a beam splitter attack from an 
eavesdropper. But, since 〈𝑛〉 could be made arbitrarily small, attenuated laser pulses have been 
widely used in quantum cryptography experiments. However, the major drawback of this type of 
single photon sources is that when 〈𝑛〉 is small, the probability of having an empty pulse rapidly 
increases. If we made the pulses with a higher rate to compensate for this, the dark counts of the 
detector still remains. That is to say that since the detector is turned on even during the empty 
pulses, the signal to noise ratio decreases with 〈𝑛〉.  

Atomic Cascade 

States of an electron orbiting an atom has different total angular momentum states. The total 
angular momentum quantum number j can have values 0, 1, 2… etc. Specifically, atomic 
transitions like j=0 j=1 j=0 have been used in 1980s, which have been utilizing the 
polarization correlation of the successive emissions. Clauser et al. [7] and Aspect et al. [5] are 
major examples. Aspect used the polarization correlation of the photons emitted from Calcium 
atom. However, the sources that use this method suffer from being low bright, and losing the 
polarization correlation when photons emitted back to back. Moreover, the experimental setups 
involving this method were very complicated and difficult to operate. 

SPDC 

We could utilize SPDC described above as a macroscopic single photon source. Since the signal 
and the idler photons are generated simultaneously in the SPDC process, the detection of one of 
the photons (say, idler) announces or “heralds” the existence of the signal photon. Thus, an 
entangled photon source could also be used as a “heralded single photon source” or an HSPS. 
These sources have been widely used in quantum key distribution (QKD) and quantum 
information processing. The major downside of this SPDC process is the low efficiency of. A 
value from 10-7 to 10-11 is typical [8]. 

 



Microscopic Single Photon Sources 
 

These sources are mostly single nano objects that emit single photons at a time. The probability 
of emitting two or more photons simultaneously from these emitters are therefore negligible. 
Two conditions should be satisfied in order to have no emissions with zero photons and to have 
high emission rates. i) Emission state should be created after each excitation cycle. ii) nano 
object should have a very high quantum yield. Resonant cavities utilizing the Purcell effect could 
be used to enhance the emission of such systems. 

Following are a set of methods that utilize microscopic systems to obtain single photon states. 

Atoms and ions in gas phase 

Electronic structures of atoms are well known. Even their hyperfine structures. If we use the 
correct atom or ion and the correct excitation we can obtain photons whose wavelengths ranges 
from the visible to the infrared. Excitations of atoms and ions often depends on multistep 
processes between previously known energy levels. A process called STIRAP use a laser pulse 
to drive the electron between two hyperfine levels in an adiabatic path. Emitted photon is then 
coupled to a high finesse cavity. In each pulse, only one photon is produced. If there is only one 
atom in the cavity, we can be sure that only one photon is produced and emitted from the cavity. 

These cavities with single excited atoms never emit two photons with same wavelength 
simultaneously. Thus, we obtain antibunching of photons. If there are more than one photons 
emitted, it implies that there are more than one atom or ion in the cavity. This method has a 
major challenge when obtaining single photon emitting source. The isolation and trapping of 
single atom/ion is very challenging. Especially the cold atom setups inherit a complex operation 
[8]. 

Organic molecules 

Some organic molecules fluoresce emitting photons with a high efficiency. They were used in 
the first experiments that demonstrated photon antibunching. These molecules can have 
transitions in visible and IR region and have sizes around 1 nm. Emissions are caused by the 
vibrations of the molecule and phonons as well as electronic transitions. Fluorescence is emitted 
from the vibrational state that has lowest energy (ground state) and give rise to vibrational 
fluorescence lines and phonon sidebands.  

There are many upper levels in a form of bands that an electron can jump to upon excitation from 
multiple photons. However, highly excited states are relaxed very rapidly into the first excited 
state. Moreover, Kasha’s rule states that only the lowest excited state would emit light. Hence, 
multiple excitations wouldn’t give rise to multiple photon emissions. In very low temperatures, 
these organic molecules show strong antibunching and damped Rabi oscillations [8].  

 



Color Centers 

Some non-conducting organic crystals contain defects within their lattice. These defects have 
strong absorption and fluorescence. The reason behind the fluorescence is that the electrons 
exchange between the states of the substituted impurities and (or) vacancies. Although many 
crystal hosts contain such defects, only a handful of them have shown to possess the properties 
that are appropriate for single photon generation. Among these materials, diamond has a major 
plus point of being stiff and stable. Nitrogen-vacancy centers in diamond were the first ever 
detected color centers. They emitted photons at room temperature. As the name suggests, the 
defect is a carbon atom vacancy positioned just next to a nitrogen atom with a trapped electron, 
as seen in figure 5. The ground state and excited states are triplet states in this system.  

 

Figure 5: NV centers in diamond ( http://www.physik.uni-stuttgart.de/institute/pi/3/ags/jelezko/forschung) 

Just like in organic fluorophores, multiple excitations are suppressed by the system’s small size 
and the Kasha’s rule. The very high refractive index of diamond limits the amount of light that 
can be extracted by using a microscope on a flat interface. A clever solution to this would be 
using nano-diamonds having only a few defects. It allows no internal refection to occur. Also, 
having these nano crystals inside micro cavities would enhance the output.  

Nano crystals of II-IV semiconductors (e.g. ZnS) have been studied for the possible use as 
individual emitters. Especially CdSe-ZnS crystals have been extensively studied. These nano 
crystals have more stability than their organic molecule counterparts, with only downside being 
the blinking or the time varying fluctuation of the emission. These are easy to manipulate and to 
couple to high end collecting optics such as high NA microscopes and fibers, even in room 
temperatures [8].  

 

 

 



Quantum Dots 

These are low bandgap semiconductor islands that are embedded in high band gap 
semiconductors. For example, GaAs in AlGaAs. These can be grown epitaxially using molecular 
beam epitaxy or chemical vapor deposition. Surfaces of the dots should be very clean in order to 
have a good photo-stability. When a quantum dot is excited, most often in electron-hole 
continuum, they can recombine radiatively. Phonon side bands are suppressed in cryogenic 
temperatures. Thus the recombination process gives a very narrow line in the spectrum. If the 
quantum dot is placed inside a resonance cavity, the Purcell effect comes into play lowering the 
spontaneous emission rate. These emitters show a small blinking effect but have a higher photo-
stability. There are number of coupling schemes. In the micro pillar geometry, the dots are grown 
between two Bragg mirrors and then a pillar structure is etched. The micro disk geometry looks 
like lithographically etched “mushrooms”. Figure 6 shows these geometries and a second order 
correlation function of a quantum dot. g2

 is 0 at τ = 0 implying antibunching of photons. 

These quantum dots present many advantages as single photon sources. Being bright and stable 
sources, these have a potential of being widely used in future quantum computational and 
quantum information science applications [8].  

 

 

 

 

 

 

Figure 6 Left panel: Second-order correlation function of a single-photon source based on a single self-assembled 
quantum dot, under pulsed excitation. The central peak has been completely suppressed. Right Panel: Micro disks 
and micro pillars 

  



Conclusion: 
 

Development of new methods employing quantum physics has enabled the generation of single 
and entangled photons sources. There are a couple of ways to generate entangled photons such as 
atomic cascades and spontaneous parametric downconversion. Also, methods like trapped ions, 
color centers in nanodiamonds and quantum dots have been successfully used in generating 
single photons in past years. These give hope for the possibility that in future technologies 
employing these sources would be able to do quantum computing and quantum cryptography, 
which will make possible the most secure communications ever.  
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